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ABSTRACT

Platinum and Pt-l0% Rh were examined as potential ductile
oxidation resistant coatings for FS-85 (Cb-28Ta-IOW-lZr)

and TZM (Mo-0.5Ti-O.lZr). Oxidation tests on coating
materials showed that 2 -mil thicknesses would provide
over 100 hours of protection up tc 3000°F in the absence
of diffusion degradation.

Roll bonded and hermetically sealed binary composites

were evaluated for oxidation and diffusion behavior.
Coating lifetimes of 5 to 15 hours at 2550°F were attained
before diffusion induced failure occurred. No significant
differences were observed between static and cyclic oxida-
tion behavior. Failure mechanisms of FS-85 and TZM com-
posites were shown to be substantially different from each
other.

Six materials were evaluated in screening tests for poten-
tial diffusion barriers. Only ZrO2 showed any merit, while
Re, Au, Al, BN and A1 2 0 3 did not.
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I. INTRODUCTION

Increases in the efficiencies of engines, and the constucZtoa .-f
re-usable space vehicles, must necessarily be prer.ded by the. dýveloý;-
ment of structural components which can withst.nd high rempAr1$utC
oxidizing environments.

In view of this, the refractory metals and their 111073i -•celved
considerable attention. Many of them are capable of ,itovldinp, the
necessary high temperature strength, hut "ack ruffl .c;e ox"Vieaiol
resistance. For this reason a large effcit, irvolvvg namexoi-9 o;'rni-
zations, has been directed towards the devclopment ý\f i;lidtc-
resistant coatings.

Silicides, aluminides, and their modifications ha3.e been used w
some degree of success in coatings. these are relatively b5!Ltle
substances, however, and their procectie lives are serioxiy .ed-c.d
when subjected to thermal or mechanical fatigue, or t h iozdie•
Their shortcomings are magnified with in-reasing tm~erat,.r, linit~r.
the number of situations in which they may be used efl>:,r-i - well
as imposing serious restrictions on the design of hard4are cl.ling for
their use.

This program was initiated to explore ductile coating ZStils which
might, as a consequence of their ductilities, be topeyior to previously
developed coating. Specifically, a coating was 4oiight which would be
ductile, or at least flexible, and which would Vro\,Jde 100 hours of
protection to columbium and molybdenum alley eheet at temperatures up
to 3000OF without degrading the substrate.

One molybdenum and one columbium alloy were selected for the investi-
gation. They were, respectively, TZM (Mo-.5Ti-.iZr) and FS-85 (Cb-28Ta-
IW-Zr). These alloys were considered to be two of the more promising
refractory metal alloys and were recommended for further development by
the Refractory Metal Sheet Rolling Panel of the Materials Advisory Board
(Ref. 1).

Platinum and platinum-rhodium alloys were initially suggested as the
most logical coating materials. This suggestion was confirmed in an
extensive literature search, which led to the selection of pure platinum
and the platinum-l0% rhodium alloy as coating materials for investigation
in this program. Past work has indicated the necessity for the develop-
ment of a diffusion barrier between these coatings and the selected base
metals to prevent diffusion which would lead to degradation of the composites.

The first step in the program consisted of a thorough literature search
to obtain up-to-date data on platinum and its alloys (principally oxidation
data), coatings in general (including compositions, preparation techniques,
test procedures, and test results), platinum coatings in particular and
on diffusion barrier materials. Most of the literature pertinent to this
program is referenced in this report and has been annotated in the biblio-
graphy.



On the basis of the literature search the program developed thrce major
areas of experimental investigation:

1. Coating Material Oxidation

a. Base line data for use in judging the results of tests on
coating-base metal composites.

b. Data indicating the extent to which variations in test
conditions - air flow, specimen position, and humidity -
might affect the oxidation rate.

2. Coating-base Metal Composites

a. Development of preparation techniques for test samples.

b. DevelopmenL of oxidation test proUedures.

c. Investigation of the diffusion mechaniism leading to
coating failure.

(1) Metallographic examinations of diffusion.

(2) Microhardness traverses through zones of diffusion.

(3) Electron beam microprobe traverses through zones
of diffusion.

3. Diffusion Barriers

a. Development of preparation techniques for test samples.

b. Diffusion "screening" tests.

c. Evaluation (primarily metallographic).

A discussion of the materials selected and the results of the work in
the three areas of investigation outlined above are presented in the
following sections.

2



II. MATERIALS

A. Substrate Materials

As has been previously indicated, the molybdenum and columbium
alloys selected for this investigation were, respectively, TZM
(Mo-.5Ti-.lZr) and FS-85 (Cb-28Ta-lOW-lZr). They were purchased
from Fansteel Metallurgical Corporation in the form of sheet
approximately 60 mils thick. Results of receiving inspection
showed all of the materials to be within accepted specifications
and generally of good quality. Certified chemical analyses were
obtained for each alloy and are presented in Table I.

In sheet form the FS-85 alloy was easily given over 75% reduction
in rolling with no apparent ill effects. As expected, however, it
was necestaty tu "warw Xo01" Lhe ULM alloy to avoid cracking.

The effect of high temperature oxidation on these two alloys
differs greatly, as the oxides formed from TZM are predominantly
volatile, while the oxides from the FS-85 are not.

B. Coating Materials

Of the metals and alloys presently available, only platinum and
platinum-rhodium alloys with 40% or less rhodium have the necessary
oxidation resistance, ductility and melting point to meet the
coating objectives of this program.

It is perhaps interesting to note that only gold or rhodium may be
added to platinum without reducing its oxidation resistance. Plati-
num-gold alloys have been ignored because of the decrease in refrac-
r-riness produced by gold additions, and the platinum-rhodium alloys
containing greater than 407 rhodium have been ignored because they
are lacking in ductility.

Two coating materials were selected for these studies: (1) platinum,
and (2) its 107 rhodium alloy (to represent the ductile platinum-
rhodium alloy group).

Analyses of the coating materials used in the studies discussed in
this report are given in Tables II, III, and IV.

In one instance the platinum received was found to contain a rather
significant amount of palladium, about 2.5%, as indic4 ted in
Table III. The scarcity of platinum at the time would have neces-
sitated a test delay of several weeks befere receipt of pure plati-
num replacement material. Normally such a wait would not have been
necessary; however, platinum had recently become more difficult to
acquire on the open or "free" market. Its scarcity has primarily
been due to the unavailabilitN of Russian plitinum, sinv her

A



current internal consumption for new chemical plants has adsorbed
such large quantities. South African production increases and the
expected return of Russian platinum to the free market should shortly
relieve the situation (Ref. 2).

In view of the possible delay, the probability of obtaining useful
results from the platinum-palladium alloy was given considerable atten-
tion and the alloy was eventually used in a study. It will be discussed
further in a later section of this report.

C. Diffusion Barrier Materials

Seven materials were selected as potential diff,,sion barrier formers:

(I) Rhenium
(2) Tungsten
(3) Gold
(4) Aliminum
(5) Aluminum oxide
(6) Zirconium dioxide

(7) Boron nitride

All of these materials except gold and alurinum are more refractory
than platinum, and it was expected that the gold and a!uminum would
form high-melting-point intermetalliL compounds with the substrate
metals.

These materials and the basis for selection of each arv more thoroughly
discussed in a later section of ti.is report.



III. COATING METAL OXIDATION

A. General Discussion

A review of literature produced at least 13 papers concerned with
the mechanism and rates of platinum and rhodium oxidation published
since 1957 (Ref. 3-14). While a number oa variables affecting the
oxidation rates have been identified, the complex problem of separa-
ting their effects quantitatively remains.

The work of Alcock and Hooper (Ref. 5) and of Shafer and Tebben
(Ref. 7) indicated that the oxidation of platinum and rhodium at
high temperatures occurs at a linear rate through the formation of
their respective volatile oxides - PtO2 and RhO2 . The type of
reaction taking place is shown below.

Pt (soiid+ 02 (gas) - PtO2 (gas)

Important factors affecting the rate of oxidation and, therefore,
their subsequent losses of weight as volatile oxides are:

1. TeLperature. Oxidation rate increases with increasing
temperature.

2. Oxygen pressure. Oxidation rate increases with increasing
oxygen pressure.

3. Flow rate of oxyger over the sample. Oxidation rate in-
creases with increasing flow rate.

4. Degree of naturation of the atmosphere above the sample
with the respective volatile oxide. Oxidation rate in-
creases with decreasing saturation of the atmosphere with
the respecti-e volatile coating oxides.

It is inotiesting to note that the fourth factor, the degree of
saturation of the atmosphere above the sample with volatile oxide,
may lead to variations in oxidation ratt, with samplt placement,
size, and 5hape. It is worth noting that very large diffirenccs
in oxidation zate& have been found in the literature for platinum
and rhodium, and it appears virtually certain that rhis factor is
predominantly responsible.

Platinum and rhodium have very similar volumt, oxidation rates at
high temperetures and, therefore, neither constituerit is lost
preferentially from any of these alloys. Addition of rhod&•m to



platinum has the added advantage that it raises its melting point,
although it decreases its ductility to the point where alloys con-
taining above 40% rhodium are not considered workable (Ref. 15).

B. Coating Metal Oxidation Experiments Conducted in This Program

Because, as indicated above, the effects of the factors controlling
platinum and rhodium oxidation rates are not fully understood quanti-
tatively, a series of oxidation experiments were included in this
program. The purpose of this work was to provide data from tests
which would be performed under conditions that would be duplicated in
later tests on composites; i.e., base line data, and to indicate to
what extent certain variables - air flow, specimen position, and
humidity - might affect the oxidation rate. The tests that were run
may be divided into three categories according to the variables inves-
tigated:

1. Rate of oxidation as a function of temperature and air flow
rate.

2. The effect of specimen position on rate of oxidation.

3. The effect of humidity on rate of oxidation.

C. Tests

The oxidation test setup used in these experiments is shown in Fig. I.
The test furnace is a horizontal tube furnace using a silicon carbide
spiral heating element enclosing a 1-1/4 inch ID mullite combustion
tube. The furnace temperature was controlled to ±20°F at 2550 0 F. The
coating test samples had dimensions of approximately I inch by 3/4 inch
by 0.005 inches. They were admitted to the furnace for testing in
alumina combustion boats. Specific details of the respective tests are
presented below.

I. Rate of Oxidation Loss as a Function of Flow Rate and Temperature

The initial tests in this study were conducted at 2200°F and 2550°F
in air flows of 24 and 240 ipm (linear flow rate at room temperature
and pressure; for comparison with data obtained by Battelle (Ref. 9)
and by General Electric (Ref. Ii). Later some of the flow rate data
was extended t6-480 and 960 ipm, and a single test was made at 2800°F
with an air flow rate of 24 ipm.

In early tests two samples were tested at a time, but when the
differences in oxidation rates of the samples indicated that
position would have a significant effect, the testing was limited
to one sample at a time. The results of the tests on these single
samples are given in Table V.
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An interesting comparison can be made between the data obtained in
the course of this program and the data obtained by Battelle (Ref. 9)
and General Electric (Ref. 11), through the use of an Arrhenius plot,
as in Fig. 2. The oxidation data obtained in this program compares
favorably with that of General Electric at a flow of about 240 ipm.
However, data obtained at an air flow of 24 ipm differs significantly
from that obtained by Battelle at a similar flow rate. A likely source
of this discrepancy is the difference between the surface areas of the
samples used here and those used at Battelle. The specimens used in
their program were 6 to 9 inches long by 0.7 to 0.4 inches wide by
0.•03 inches thick and they were coiled around the post of a quartz
duspension basket for testing. They were, therefore, relatively
large samples when compared to the 0.500 inch by 0.500 inch by 0.02
inch samples used by General Electric, or to the rectangular I inch
by 3/4 inch by 0.005 inch samples of this program. The Battelle
samples, then, had about 10 times as much surface area as the samples
used in this program and 30 times as much as the samples used by
General Electric. Increases in surface area, particularly at low
flow rates, will cause corresponding increases in the concentration
of oxide vapor (increasas in the degree of saturation) in the air
directly above the sample. This, in turn, will result in oxidation
losses which will be lower than those obtained under conditions where
the oxide concentration is lower. Differences due to this factor, as
previously pointed out, can be quite large (,factor of 2) and both
Betteridge and Rhys (Ref. 6) and Hill and Albert (Ref. 12) have empha-
sized this point.

It is interesting that the slopes of the Arrhenius plots in Fig. 2
are quite similar. This indicates that the activation energies are
nearly equivalent, as might be expected. Due to differences or
insufficient specification of testing conditions, the oxidation
rates obtained by Fryburg and Petrus (Ref. 8), Hill and Albert
(Ref. 12), and by Phillips (Ref. 13), are not directly comparable
with those presented in Fig. 2. However, in the absence of anything
that might catalyze or inhibit the oxidation reaction, the activation
energies obtained from their data should essentially match those
obtained from the plots of Fig. 2. The activation energies from
all these sources are presented in Table VI.

Only one value, that reported by Phillips (Ref. 13), differs greatly
from the others. The uniformity and linearity of the oxidation rates
found in his published data indicate that his experiments were well
controlled and the cause of the variance is not evident.

As shown in Table V, at 2550°F platintm• oxidation loss rates were
obtained for four different air flow rates. The significance of
this data is more clearly seen in the plot of loss rate as a
function of air flow rate shown in Fig. 3. The rate of oxidation
weight loss is seen to increase with increasing rate of air flow,
but at a diminishing rate, so that a virtually constant rate of
weight loss is obtained at air flow rates above 960 ipm. This
relationshig has been *stablished for only one level of temperature,
namely 2550 F, but it appears reasonable to assume that it would
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hold true for other levels of temperature, although the levelling
off would likely occur for some other value of air flow rate.
Thia behavior has been attributed to the belief that weight loss
at high air flow rates is controlled by the rate of oxide forma-
tion rather than by the availability of oxygen for the reaction,
or removal of the oxidation products, as is the case at low air
flow rates.

As was noted in the preceding section, position has a readily
obscrvable effect on the rate of oxidation. Since it was found
convenient to conduct test, on the coating-base metal composites
three-at-a-time, an investigation into the positioning effects
was undertaken. Figs. 4 ard 5 show the variations in rates
resulting from some positioning differences with platinum samples
at 2550°F in a 240 ipm air flow. For three samples leaning
against the sides of the alumina combustion boat, as in Fig. 4,
.4!l of the samples have oxidation rates (weight losses) lower
than that of singly Eested sa,.ples. Also, the sample farthest
upstream in the air flow has the greatest rate of oxidation, and
the one farthest downstream has the lowest - over 50% lower than
would be expected for a singly tested sample. This gives some
indication of how important a factor the degree of PtO2 satura-
tion of the atmosphere can be.

Another test, conducted with three sample& lying flat across the
top of the combustion boat produced some additional interesting
data on the effect of position - as shown in rig. 5. While, as
in the previous experiment, the oxidation rates are seen to de-
crease from upstream, to downstream, the rate is much higher with
the flat-lying upstream sample which has an oxidation rate actu-
ally 35% higher than expected for a siagly tested leaning sample
and 70% above the leaning upstream sample fror the test which
included three leaning samples. It is likely that these position-
ing effects would not lead to as great differences in oxidation
rates at higher flow rates; however, this supposition has not been
confirmed.

3. The Effect of Humidity on the Rate of Oxidation

Previous studies of the oxidation of platinum metals in flowing
air have generally used dry air. Nc reference was found, however,
to indicate whether or not moisture might have any influence on
the rate of oxidatio.- of the platinum metals. As the proposed
oxidatlon-tesistant plqtinum coatings would likely be expected to
offer protect;.on in air with varying degrees of moisture content,
it was decided that the effect of humidity, if any, on the high
temperature oxidation of platinum should be determined.

Two tests were conducted, one at 2550°F and the other at 22000 F.
[or each test, the air used was bubbled through water at room
t(mpfrature just prior to entry of the test furnace at a flow
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rate of 24 ipm, The water picked up in the process (gas and
liquid) was found to raise the dew point of the air to about 120 0 F,
whereas the dew point of air used in our previously discussed
oxidation experiments has been about -40 0 F. Dew points were
measured after the air passed through the furnace. The results
of these tests showed the increase in humidity to produce no corre-
sponding increase in the rate of oxidation. Apparently, the plati-
num and water vapor do not react under these conditions. The test
results are given in Table VII in comparison with results obatined
in dried (-40OF dew point) air.

D. Discussion of Results

On the basis of the data obtained in this investigation, platinum or
platinum-10% rhodium coatings 2 to 3 mils thick are capable of pro-
viding oxidation resistance far in excess of the program objective
of 100 hours at temperatures up to 30000 F, providing diffusion-induced
degradation problems can be overcome.

While platinum is very expensive and, at present prices ($90 per ounce),
with a square foot of platinum coating material 2 mils thick costing
about $300, in some cases it could be used very economically. One
possible use would be on leading edge material for a re-usable space
vehicle, where its low emissivity and its low oxidation rate at low
oxygen pressures would be important.

The oxidation resistance of the platinum-10% rhodium alloy did not
appear to be significantly greater than that of pure platinum. On
the basis oC oxidation resistance alone, then, the higher cost of the
alloy would not be justified. Other properties, such as improved hot
strength, compatibility with the substrate and melting point, may
warrant its use in some cases.
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IV. COATING-BASE METAL COMPOSITES

A. General Discussion

Platinum and the platinum-rhodium alloys are ruled out as basic
materials for refractory structural members because they have a com-
paratively low strength-to-weight ratio at high temperature and would
be too costly in any event. However, in view of their excellent oxi-
dation resistance and ductility, it is somewhat surprising that they
have received only a small amount of attention as possible high temp-
erature oxidation-resistan* coatings. There are, apparently, two
reasons behind this lack of attention: (1) the high cost of the
material, and (2) a feeling by many that oxygen would rapidly diffuse
through platinum at high temperatures.

As has been pointed out in the preceding se-ction of this report,
there is little doubt that platinum and platinum-rhodium oxidation
rates are sufficiently low to make their use economically feasible
for many applications. In the absence of diffusion-induced coating
failure or incompatibility of coating material with substrate, the
coating materials should easily meet the ambitious coating require-
ments of this program.

Rhys (Ref. 16) investigated rather thick platinum coatings (almost
20 mils thick) for high temperature oxidation protection of molyb-
denum rods and substantiated the existance of a diffusion problem
leading to greatly reduced protective lives for platinum coatings on
molybdenum. To overcome the diffusion problem he sought diffusion
barrier materials for use between the platinum and m(lybdenum to stop
the possible inward diffusion of oxygen and/or outward diffusion of
molybdenum. Alumina and gold were used with some degree of success
at 22000 F, although his coatings had protective lives far short of
what might be expected with the complete absence of diffusion.

The diffusion problem remains, then, a primary impediment to the use
of platinum or platinum-rhodium alloy coatings for the high tempera-
ture oxidation protection of refractory metals.

Only one other study of platinum or platinum-rhodiun alloy coatings
for high temperature oxidation protection of refractory metals was
found in the literature (Ref. 17), and the electroplat~d coatings on
molybdenum for that investigation were too porous for accurate ap-
praisal of th1e coating capability.

While the diffusion problem has not been clearly defined, it appears
that the idea of oxygen diffusing through a pure platinum coating to
oxfdize a refractory metal substrate is not correct. Norton (Ref. 18)
has shown oxygen diffusion in platinum to be very low at 260 0 F. In
addition, later work by Betteridge and Rhys (Ref. 6) indicated that
diffusion of oxygen through pure platinum would not lead to oxidation
of tungsten or molybdenum. However, Betteridge and Rhys did show
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that oxygen does diffuse through platinum alloyed with small amounts
(about 2%)of either tungsten or molybdenum, and that internal oxida-
tion does occur in these alloys.

Although, on the basis of the work discussed above, it was almost
assured that it would be necessary to develop diffusion barriers for
use between the platinum coatings and substrate materials, additional
work on coating-base metal composites was considered desirable and
was undertaken with two objectives in mind:

(I) To determine just how good the respectiv- coating-base
metal combinations were - providing "base line data" to
be used for comparison with the results of tests on
samples containing diffusion barriers.

(2) To obtain a better understanding of the coating failure
mechanism and, therefore, perhaps to provide a better
insight into what materials and modifications would
best improve the respective composites.

B. Preparation and Testing of Samples

Nc difficulties were encountered in roll bonding the prescribed
coatings and substrate metals. However, coating samples without
edge protection were found to fail too rapidly in testing to give
useful information. Because of this, several techniques of apply-
ing edge protection were considered and used to prepare samples.
On the basis of the results of tests on these early samples, a
technique was devised whereby the base metal was hermetically
sealed within the coating. Th1s was done by etching away base
metal at the sample edges with an aid solution (40HF-30RN0 3 -
30H2 SO4) and hot press bonding the resultant overhanging coating
metal layers together. The first teat samples prepared by this
method were discs 1-1/4 inch in diameter and 20 mils thick, which
had to be bent to allow admittar'-e to the 1 1/4 inch ID tube of
the test furnace. Later samples, prepared using the setup shown
in Fig. 6, were rectangular in shape, I inch long by 3/4 inch wide
by 20 mils thick. These samples had about Lne sa-e iurface areas
as the coating metal oxidation test samples and were easily ad-
mitted to the test furnace.

High temperature structural applications of the refractory metals
commonly use sheet in the range of 10 to 60 mile thick. Therefore,
the coatings to be used must be kept fairly thin in order to main-
tain a satisfactory strength-to-weight ratio. For this reason,
the coatings prepared for this iuvestigation have been limited to
2 to 4 mils thick. Cost considerations would aiso dictate that
miniuum practical thickneases be employed.

The same oxidation test equipment used for the coAcing material
oxidation tests was used for the study of the composites.
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In early tests platinum and platinum-10% rhodium clad FS-85 and TZM
test samples were tested singly. Temperature and air flow conditions
were similar to those used in the coating metal tests, with most of
the tests being conducted at 25500 F in a 24 ipm air flow. 2550°F
seemed most appropriate as a test temperature since it is at about
this temperature that the oxidation resistance of the silicide and
aluminide coatings are seen to become particularly inadequate.

In the course of testing, the samples were cooled to room temperature
and examined for weight and surface changes in cycles of one to three
hours. The following observations were derived from these initial
tests:

(1) Oxidation of FS-85 clad with platinum or platinum-t0%
rhodium occurs through the penetration of the cladding by
oxygen, resulting in the localized formation of oxide
beneath the cladding surface. The diffusion of oxygen is
believed to occur only after the coating layer has been
altered by diffusion. This oxide buildup increases the
weight of the sample during testing and produces blisters
beneath the cladding which eventually break, exposing the
base metal oxide. Until these breaks occur, however, the
weight-loss rate is essentially identical to that for the
coating material alone.

(2) Oxidation of TZM clad with platinum or platinum-lO% rhodium
occurs through diffusion of molybdenum :o the cladding
surface where it is removed as oxide vapor, leaving discon-
tinuous voids beneath the coating. As a result of this
permeation of the platinum by the molybdenum, the weight-
loss rates for these composites become significantly higher
than those obtained for the coating metal alone.

Most of the early tests will be ignored in this discussion, as imper-
fect edge protection procedures used in the preparation of the test
samples often led to erratic gains and losses of weight in the course
of testing and resulted in some uncertainty in the identification of
coatirg failure times. Only one of the early tests is felt to have
sufftcient merit for discussion here, primarily because the sample
appeared to be well sealed and it was conducted at 2200°F - a tempera-
ture not used in later tests. The weight changes versus time at temp-
erature obtained for that test are presented in Fig. 7. If failure
is to be indicated by the first appearance of oxide blisters on that
FS-85 base sample, the coating had a protective lifetime of 49 hours.

As the sample preparation technique was perfected and more knowledge
was gained as to the mechaniam of coating failure, a more sophisti-
cated testing and evaluation procedure was devised. Initial oxidation
tests at 2550OF showed diffusion induced coating failure to be so
rapid that coating thickness losoes were negligible. Theretore,
positioning had virtually no effect on the protective lifetimes of
coatings on samples tested at the same temperature. Thus it appeared

12



that several composites might be tested at once xnder equivalent con-
ditions of time and temperature, thereby speeding up testing. On
this basis it was decided that three samples would be tested at a
time: (1) a coating/FS-85 sample, (2) a coating/TZM sample, and
(3) a platinum sample to serve as a standard for comparison. For
these tests, samples were heated in a 24k) ipm air flow at 2550°F for
one-hour periods until failure occurred. Observations of weight and
surface changes were made at room temperature following each hour of
exposure.

It was planned that the tests would be made first with platinum
coatings and then with platinum-lO% rhodium coatings. However, as
previously mentioned, a batch of platinum obtained for the prepara-
tion of test samples was found to contain about 2.5% palladium as
an impurity. In deciding whether or not the palladium contamination
present in this material should rule out its use, the properties of
palladium were considered closely.

Palladium has been reported to have a weight-loss rate in air approxi-
mately equal to that of platinm at 2370 0 F, but with increasing temp-
erature the rate increases well above that of platinum. Also, its
weight losses in air do not indicate its true rate of oxidation which
may be obscured because o its -

(I) VolatiliLy. Its weight losses in nitrogen at 2730°F are
about five times that for platinum in air at that tempera-
ture (Ref. 12).

(2) Permeability to oxygen. It has an oxygen solubility of
0.63% at 2200°F (Ref. 6).

As a further shortcoming, its melting point is only 28300 F.

It was believed, however, that these deficiencies might be of little
significance when the palladium was present in as small a quantity
as was found here. In view of this, and the delay expected in ob-
taining pure platinum, it was felt that samples with the impure
coatings would be useful in the development and improvement of the
testing and evaluation techniques. Platinum of satisfactory purity
was subsequently receivod for the further evaluation of the binary
composites.

In early tests, changes in rate of weight loss were considered the
best indications of coating failure. However, it was difficult to
use this criteria on the platinum-2.5% palladium clad samples, and
the tests were conducted to well beyond what was later acknowledged
to be the point of coating failure. The difficulty arose from tht,
preferential loss of palladium from the coating, vielding a weight-
loss rate initially much higher than for pure platinum, which de-
creased with time at temperature as pal!adium was depl,'ted from thte
alloy by volatilization.
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Fig. 8 shows weight loss as a function of time for the pure platinum
standard and for the platinum-2.5% palladium clad FS-85 and TZM
samples at 2550°F in a 240 ipm air flow. Fig. 9 shows the same
relationship for a sample of pla~inum-2.5% palladium tested singly
under similar conditions of temperature and air flow.

In order to help show how oxygen had affected the samples, both exter-
nally and internally, the tests described in the paragraph above were
re-run in nitrogen, producing some very interesting differences in
sample surface condition. The relation of weight change with time
obtained in these tests is shown in Figs. 10 and 11. Pictures of the
surface condition of the platinum-2.5% palladium clad FS-85 and TZM
samples and the platinum-2.5% palladium sample subsequently tested in
air are shown in Figs. 12, 13, and 14 at the beginning of testing.
The platinum-2.57 palladium clad FS-85 and TZM samples are shown with
the platinum-2.5% palladium sample, at their respective failure times
in Figs. 15 and 16, and Figs. 17 and 18. Pictures of samples tested
similar lengths of time in nitrogen are shown in Figs. 19, 20, 21, 22,
23, 24, and 25. Grain boundaries are readily apparent after testing
as a result of thermal etching.

The platinum-2.5% palladium clad vS-85 sample tested in air is seen
to have a surface appearance differing little from that of pure plati-
num or platinum-2.5% palladium, except for water droplet-like spots on
the surface of the composite which were found to originate from "rolled
in" surface impurities. The sample tested in nitrogen, however, is
substantially different, as small crystals are seen to have formed on
its surface. In passing, it is worth noting that "rolled in" surface
impurities were virtually eliminated after this point as a result of
scrupulous care of rolling equipment.

Unlike the FS-85 base sample, the platinum-2.5S palladium/TZM sample
tested in air does not have a surface appearance similar to that of
pure platinum or platinum-2.5% palladitm. Its surface appearance is
irregular, almost as though it had been "shot peened." The sample
tested in nitrogen, like the FS-85 base sample, is covered by many
small crystals.

Observations made on the samples tested in nitrogen showed surface
crystal formation to begin after just a few hours of testing - long
before the time required to produce coating failure. The uniform
distribution of the crystals on both of the coating clad FS-85 and
TZH samples tested in nitrogen indicates that intergranular diffusion
did not predominate.

The only notable surface changes that have been seen on purv rlatinum
samples in the course of testing were grain boundary shifts.

For the tests on platinum and platinum-l0 rhodium clad samples it
was considered desirable to discontinue testing as soon after coating
failure as possible so that destructive evaluation procedures, sut:h
as metallographic examination of sample cross sict ions, might bt- used
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to identify some of the internal conditions associated with sample
failure. The following criteria were used to identify the time of
coating failure:

(1) For FS-85 base samples, failure was considered to have
occurred when either blisters appeared in the coating or
when a weight gain was noted.

(2) For TZM base samples, failure was considered to have
occurred when the rate of weight loss was seen to be at
least three times that for the coating material alone.

It should be noted that a weight increase equivalent to the sensi-
tivity of the balance used, 0.1 ma, could produce a cube of colum-
bium oxide with sides of about 3 mils. Also, a loss of 0.1 mg from
a TZT4-base sample would be equivalent to a 2-mil cube of molybdenum.
Therefore, significant changes may take place in the course of test-
ing at spots along the coating-substrate interface without any
significant difference in rate of weight change, and the time at
which oxidation of the base metal begins is difficult to identify
with great exactness.

The platinum and platinum-10% rhodium clad samples were tested in
the same manner as the platinum-2.57 palladium clad samples except
that testing was stopped at their respective coating failure times
as determined by the criteria presented above. Time versus weight-
loss plots for platinum clad and pure platinum samples, tested
together in air and similarly in nitrogen, are given in Figs. 26
and 27. Pictures of the surfaces of samples tested in air for the
beginning of testing and at coating failure are presented in Figs.
28, 29, 30, and Figs. 31, 32, 33, and 34, respectively.

Pictures of the samples tested in nitrogen under similar conditions
are shown in Figs. 35, 36, 37, 38, 39, 40, and 41.

The time versus weight-loss plots for pure platinum and platinum-10O
rhodium clad samples tested in air, and for a pure platinum-lOt
rhodium sample tested singly under similar air flow and temperature
conditions, are given in Figs. 42 and 43. Plots for samples tested
in the same manner in a nitrogen atmosphere are given in Figs. 4"
and 45. lictures of the samples tested in air for the beginning of
testing and at coating failure are presented in Figs. 46, 47, and
48, and Figs 49, 50, 51, and 52, respectively. Pictures of samples
tested in nitrogen under similar conditions are presented in Figs.
53, 54, and 55, and Figs. 56, 57, 58, and 59.

Although only a limiteA number of tests have been made it appears
that no coating-substrate combination tested ccould be considered
significantly superior tn the others. Protective coating lives of
only 5 to 15 hours were attained at 2550°F - well below the 100
hours at 3000OF goal of this program and about two orders of magni-
tude below the life that would be expected in the total absence of
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diffusion. It is important to note that in spite of the fact that
samples were subjected to rather severe thermal cycling in the course
of testing, no deterioration or deformation other than noted was ob-
served in any of the composites.

While increases in coating thickness should produce some increase in
coating life, it is considered doubtful that economically and struc-
turally usable increases (a few mils or less) would provide the re-
quired oxidation resistance at the 2550°F test temperature or above.

C. Evaluation of Binary Composites

Microsections of the twelve binary composites described in the previous
section were examined to determine how coating failure occurred. The
evaluation included: (1) metallographic examination, (2) electron
beam microprobe traverses across the coating-base metal interfaces,
and (3) microhardness traverses across the coating-base metal inter-
faces. The procedures used-and results obtained from the examinations
are presented below.

1. Metallography

Serious problems were encountered in metallographic work nn all
twelve samples. These problems were primarily due to the extreme
differences in hardness and chemical reactivity encountered among
the various coatings and base metals, and their reaction products.
Also, it was difficult to keep the edges of the samples from
"rounding off" due to spaces left between samples and mounting
medium in the mounting process.

The following metallographic preparation technique was found to
be the best yet devised for the composites under consideration:

a. A small molybdenum clamp is used to press 5-mil-thick
gold foil to each sample face - the soft gold will con-
form to the edges of the coating material and will
withstand any subsequent etching or etch polishing
about as well as the coating, therefore providing good
protection against rounding off of the edges.

b. The enclosed sample is mounted and ground down with a
belt sander until the entire coating-base metal inter-
face is well exposed.

The sample is finished through 240, 320, 400, and
600-grit wet papers.

d. The sample is polished first with 6 and then with
I micron diamond on a naplessq-loth-covered wheei,
using kerosene as a lubricant.



e. Final polishing is done on a napless-cloth-covered
wheel with a pasXe made of .03 micron alumina and 5%
chromic acid.

f. Etching is accomplished with hot aqua regia or through
the AC electrolytic-cyanide etching technique (5%
potassium cyanide solution) usually used on gold.

The samples were examined at magnifications up to 1600X and
pictures were taken.

Micrographs of the platinum-2.5% palladium, platinum, and plati-
num-10% rhodium clad FS-85 samples after testing in air and
nitrogen are presented in Figs. 60 and 61, Fige. 62 and 63, and
Figs. 64 and 65, respectively. Micrographs of the similarly
clad TZM samples after testing are presented in Figs. 66 and
67, Figs. 68 and 69, and Figs 70 and 71. Before considering
these micrographs, it should be noted that the polishing and
etching techniques are not sufficiently well developed, so that
variances between samples with the same substrate metals may in
some instances be due to etching differences. The interpreta-
tions arrived at in this study are the result of laborious
efforts of polishing and etching which are virtually impossible
to adequately characterize in photomicrographs. The compound
layers at the interfaces of all combinations are easily seen on
most of the samples although the TZM samples, except those clad
with platinum, are over-etched to such an extent that only one
compound layer is seen. The platinum clad TZM samples show
three layers. The probable compounds to be found in these
samples, based on the major alloying constituent combinations;
i.e., platinum-columbium, platinum-tantalum and platinum-molyb-
denum, are given in Table VIII. The respe..tive phase diagrams
are given in Figs. 72, 73, and 74.

Samples tested both in air and in nitrogen appear very similar.
The only major differences discernable being the points of
coating failure - "blisters" of oxide powder, as shown in
Fig. 75 for an FS-85 base sample and "void" areas, as shown in
Fig. 76, for a TZM base sample. It is interesting to note that
the "void" areas contained small amcunts of molybdenum and
titanium oxide. Neither the "blisters" in the case of FS-85,
nor the "voids" in the case of TZM were found in samples tested
in nitrogen for equivalent periods of time.

The etched samples were closely inspected at the coating sur-
face for signs of a build-up of aubstrate elements such as
must have been responsible for the crystals found on the samples
tested in nitrogen. A heavily etched surface layer of the type
shown in Fig. 77 was found on several of the TZM base samples
tested both in air and in nitrogn, but none was found on the
FS-85 base sample. It may be that the layer had been lowered
to such an extent by etching that it was not observable.
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2. Electron Beam Microprobe Analysis

The electron beam microprobe work was performed under subcontract
by Advanced Metals Research Corporation. Only the platinum clad
samples were examined, as it was felt that the distribution of an
additional coating element in the case of platinum-10% rhodium
would complicate the analysis without providing additional informa-
tion of much consequence.

The samples subjected to microprobe analysis were in the "as polished"
condition, such that the diffusion layers were not so easily distin-
guishable as after etching.

Most of the layers found in the course of metallographic examination
of etched cross sections were identified in the microprobe work.
All of these are compounds which are found among those listed in
Table VIII. However, it was difficult to associate some of the
layers with specific compositions or compounds because they were
very thin. Also, they could not be definitely determined from the
literature on which the information in Table VIII was based. D

The compositions and compounds identified in the platinum coated
samples have been denoted beside the appropriate layers in their
micrographs, and where the identity of a compound in a layer was
uncertain, a hypothetical compound has been given with a question
mark in parentheses (?) beside it.

From the point just beyond the outermost diffusion layer to the
sample surfaces only pure platinum was detected. However, a high
concentration of titanium was found at the coating surfaces of the
TZM base samples which is believed to have been responsible for
the crystals which formed on the samples tested in nitrogen. The
FS-85 base sample showed no similar buildup of an element at the
coating surface, but it was not possible to analyze for zirconium,
the element which is considered likely to have been responsible
for the crystals formed during testing in nitrogen. On the basis
of these findings it is tentatively concluded that the crystals
formed were titanium nitrides in the case of the TZM samples, and
zirconium nitrides in the case of the FS-85.

It is believed that the major alloying constituents of the base
metals were not detected in the outer platinum layer of the
coating because of the extremely rapid diffusion rate in that
layer as compared to that in the intermediate layers. As minor
alloying elements were found at sample surfaces, similar evidence
of the outward diffusion of major alloying elements would be ex-
pected. Sufficient information has not as yet been obtained to
offer an explanation. The microprobe traverse did not cross a
grain so that no evidence of compositional differences at the
grain boundaries was obtained.

The minor alloying elements, titanium and zirconium (possibly),
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are believed to have diffused through the coating by transgranu-
lar diffusion in such low concentrations that they were not de-
tectable.

3. Microhardness

Microhardness traverses were made across the interfaces of all
twelve test sample combinations in the "as polished" condition.
The traverses were made with a Knoop indentor using a 2-gram
load.

While the areas of diffusion layers were easily identified, no
additional important information was obtained from the micro-
hardness traverses. The data for the platinum and platinum-10l
rhodium clad samples is presented in Figs. 78, 79, 80, and 81
and Figs. 82, 83, 84, and 85.

D. Discussion of Results

The metallographic interface examination revealed layers at the area
of the coating-base metal in each sample, which had resulted from
the diffusion and reactions that took place between the platinum and
the substrate metals. All of the layers were well below the
coating surface. The defects associated with coating failure
were noted in several air aested samples; however, no evidence
of peculiar coating features such as porosity, large grain bound-
aries, or excessive diffusion of base metal into the upper portion
of the coating, etc., was noted in these areas.

Microprobe analysis identified most of the compounds in the dif-
fusion layers. None of the substrate metals was detected in the
platinum between the compound layers and the surfaces of the
samples. However, titanium was detected at the surface of the
TZM base samples and it was believed that zirconium was present
at the surface of the FS-85 base samples.

Microhardness traverses provided no additional useful information.

On the basis of these examinations it is believed that coating
failure occurs after a relatively low percentage of substrate
alloy reaches the surface of the coating, forming a path through
which (1) oxygen may rapidly penetrate the coating in the case
of the FS-85 base composites, and (2) molybdenum may rapidly
proceed to the surface and be removed as a volatile oxide from
the TZM base composites.

Before this hypothesis can be accepted a great deal of confirma-
tory evidence will be necessary. Much of the required evidence
can probably be obtained by the use of more refined metallographic
and microprobe work.
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V. DIFFUSION BARRIER STUDIES

A. General Discussion

The diffusion barrier may be thought of as a special layer to be
interposed between the coating and the substrate to produce a new
"composite coating system" which is more likely to be capable of
meeting the prescribed coating objective.

A numaber of materials were selected for consideration as potential
diffusion barriers, primarily on the basis of the following:

(1) Past studies indicating their effecciveness in retarding

diffusion.

(2) Chemical inertness.

(3) Melting point.

It was expected that several likely trouble areas, notably expansion
mismatch and brittleness, might be reduced in importance through the
development of techniques for depositing the barriers as thin flexi-
ble films.

The materials which were evaiuated may be grouped into three classes,
as given below:

1. Metallic Elements and Alloys. Important attributes include
ductility and bondability. The work of ManLabs (Ref. 17)
indicated only little likelihood that any metal might serve
as an effective diffusion barrier.

a. Rhenium. The best of the metals examined in diffusion
barrier studies conducted by ManLabs (Rtf 19). This
material has been used -s a diffusion barrier between
molybdenmu and platinum in electron tube grids which
operate at temperatures as high as 2200°F (Ref. 20).
Its melting point is second only to tungsten among th-
metals.

b. Tungsten. Although Betteridge and Rhys (Ref. 6) found
internal oxidation in platinum alloys containing as
little as 2% tungsten, the work at ManLabs (Ref. 17) as
well as its high melting point favored i.s examination.
It was, however, finally not included in the present
scope of work, because of difficulties in specimen
preparation.

2. Intermetallic Compo, nds. They can be expected to have
ductilities and bondabilities intermediate to the other
two classes of baruiers.
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a. Gold (expected to form intermetallics with the coating
and/or base metal). An indication that gold might be
useful as a barrier came from ti1e work of Rhys (Ref. 16),
in which gold interposed between molybdenum and a plati-
num coating increased the coating's protective life at
22000 F.

b. Aluminum (to form aluminides with the substrate alloys).
These are among the more refractory and chemically
inert intermetallics.

3. Non-Metallic Refractory Compounds. These compounds in
general have great chemical stability and are potentially
the best barriers to diffusion; however, they suffer
extreme brittleness except as very thin films and are
difficult to bond to metals.

a. Boron Nitride. The choice of this material was based
on demonstrated chemical inertness (Ref. 21) and the
fact that an in-house technique was readily available
for its deposition as a thin flexible adherent film
on refractory metals (Ref. 22).

b. .luminum Oxide. This material was selected on the
basis of its effecti'veness in preventing platinum-
molybdenum interdiffusion, as indicated by the studies
of Rhys (Ref. 16) at 22000 F.

c. Zirconium Oxide. The chemical inertness of this
material when in contact with platinum is unquestion-
able as it is considered to be an excellent crucible
material for platinum melting; however, it is rated
as only fair for columbium melting crucibles (Ref. 23).

B. Testing and Evaluation

Initially techniques were sought which could be used in the prep-
aration of hermetic coating-barrier-base metal test samples. It
was expected that these samples would be suojected to the same
oxidation tests used for the coating/base metal composites, such
that direct comparisons could be made to provide an indication of
the effectiveness of these oarrier materials. The deposition
techniques explored included:

(I) Roll bonding.
(2) Hot press bonding.
(3) Vapor deposition.
(4) Electrolytic deposition.
(5) Thermite reaction.

21



In early studies it became evident that a considerable amount of
time would be required for development and testing of acceptable
hermetic barrier containing composites. Because of this, it was
felt that a screeninU test was needed which could give some indication
of the merit of a barrier without necessitating preparation and test-
ing of hermetic fully-bonded composites. In the test devised for this
purpose, a sample of the type shown in Fig. 86 was used. In the prep-
aration of this sample the barrier layer was applied to one face of
each piece of substrate metal by one of the deposition techniques given
above, and the other face was kept clean. A 2-mil thickness of plati-
num foil (coating) was then placed on each face of the sample and the
assembly was secured in a graphite clamp, which is shown in Fig. 87.
A zirconia wash was. used to prevent any interaction between the plati-
num and the graphite. The clamped assembly was then heated in vacuum
for 16 hours at 25000 F.

From previous coating-base metal composite tests, diffusion was known
to have produced easily discernablL compound layers at the coating-
substrate interface at 2550 0 F. It appeared, then, that 2550°F would
be an adequate test temperature. However, as the only vacuum furnace
available for this testing had a maximum use temperature of 25001F,
the tests were conducted at that temperature.

After testing, the samples were examined metallographically to deter-
mine the extent of diffusion on both sides of the sample. With the
diffusion barrier applied to only one side of the sample its effec-
tiveness could immediately be determined by comparison with the other
face of the sairple which contained no barrier layer. The results of
these screening tests are given in Table IX.

The techniques used in barrier deposition and the testing of the

barriers is discussed further in the following paragraphs.

1. Rhenium

At first, it was thought that rhenium might most easily be intro-
duced as a layer between coating and base metal through a roll
bonding technique. However, certain unuqual properties of this
metal led to difficulties.

Although rhenium is more ductile than the molybdenum ailoy which
has been easily roll bonded to platinum in the course ot this
program, it is very difficult to fabricate. The diffiL'lty
arises from the high rate at which it work hardens (faster than

;v other metal); and the fact that i. suffers hot shortness, so
,.iar hot rolling has not been successfully used to overcome the
problem of work hardening (Ref. 24). Reduction is acccmplished
through cold rolling; light reductions are initiallý ap,-Iied,
gradually increasing to 40% between anneals at 2900 F in jacuum,
hydrogen, or cracked ammonia.
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As it was believed that the hot shortness in rhenium resulted
from oxide in the grain boundaries, it was thought that the
problem might be overcome by doing the hot rolling in an evacu-
ated package.

An attempt to prepare Pt-lORh/Re/FS-85 composite material for
test samples by hot rolling at 1800OF in an evacuated package
was unsuccessful. The composite obtained had a dark wavy sur-
face, and metallographic examination showed the rhenium layer
to have broken up during rolling, as seen in Fig. 88. It is
believed that during rolling the FS-85 and platinum-10% rhodium
tended to "flow," while rhenium with its high yield strength
could not, and thus broke up.

Two other methuds were considered for preparation of samples
with rhenium diffusion barriers: (I) electrolytic deposition,
and (2) chemical vapor deposition. The former technique was
selected as it appeared to have reached a much higher stage of
development than the latter.

Summit Finishing Company,which has had previous experience in
rhenium electroplating, was contacted and subsequently pre-
pared several samples of rhenium coated FS-85 and TZM for this
work. Coating thickness was approximately 0.1 mils in all
cases. The samples obtained were used in the screening test
described previously and, as indicated in Table IX, metallo-
graphic examination showed the rhenium coating to have been
ineffective as a diffusion barrier. There are two possible
conclusions that may be drawn: (1) either rhenium is not
inherently an effective diffusion barrier in the test environ-
ment described, or (2) the rhenium electroplate was porous.
As no indication of the rhenium phase was apparent in metallo-
graphic examination, it is assumed that the former conclusion
is correct.

2. Gold

A number of Pt/Au/FS-85 samples were prepared by essentially
the same technique developed for making the coating-base
metal samples. That is, platinum and gold layers were bonded
to either side of a piece of FS-85, from which samples were
cut out, undercut with acid, and sealed by hot press bonding
of their edg es. After a few minutes of heating in flowing
air at 2550°F the gold (about 0.9 mils thick) was seen to have
formed an alloy with the platinum layer (about 3 mils thick)
which had a liquid phase below 2550°F and flowed off portions
of the samples, subjecting them to high temperature oxidation.
In view of this platinum-gold alloy problem, it was decided
that a change in preparation technique would be necessary.
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The development of the "screening test" appeared to provide a
method which could be used ro obtain important information con-
cerning the preparation and effectiveness of gold diffusion
barriers at a minimum expense of time and effort. For this test,
samples of roll bonded gold on refractory metal were sintered at
1400OF in vacuum in order to ferm a gold-refractory metal alloy,
or compound, which might withstind the 2500°F test temperature
without melting. The pre-heat treatment was apparently effective,
as the tested samrles showed no •igns of melting. As indicated
in Table IX, however, the gold apparently had little or no effect
on the rate of diffusion - eviden:ed by the presence of the usual
diffusion layers. One unusual thing was noted with the FS-85
substrate - a phase layer not previously observed, was found on
the substrate side of the other compound layers. Gold, then, is
ineffective its a diffusion barrier under the given test conditions.

3. Aluminum

Almiinides, formed from the reaction of alhuinum with the coating
or base metal, were examined as possib-e diffusion barriers by
meens of the screening test.

In order to avoid the possible formation of a platinum-aluminum
alloy with a melting point below the test temperature, roll bonded
aluminum clad refractory metal samples were diffusion annealed
4 aours at 1200°F in helium prior to testing in order to form the
respective refractory intermetallic compounds.

As stated in Table IX, metallographic examination of tested
samples revealed diffusion layers, although somewhat different
from those usually found, indicating that the aluminide formed
was ineffective as a diffusion barrier. It was interesting to
note that aluminum deeply penetrated the platinum in the FS-85
base sample, forming a 2-phase region over a mil in thickness
beyond the diffusion layer compounds.

4. Boron Nitride

Boron nitride appeared particularly attractive as a potential
diffusion barrier material since an apparently excellent method
had alrearlp been developed for its deposition as a thin flexible
film on reiractory metal (Ref. 22).

Boron nitride coatings were applied to material for test samples
through the decomposition of trichloroborazole on the surface of
heated TZM and FS-85 alloy strip. The thickness of the boron
nitride layer was estimated to be O.Ob mils.

Sputtering seemed to be the most convenient method for applica-
tion of the platinum Loating laver to form test samples. Through
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sputtering the platinum could be deposited on freshly laid down
boron nitride with a minimum exposure to atmospheric contaminants
and handling that might produce surfa&- uamdnt VL itihibit bonding
between the coating and diffusion barrier materials.

Two problems were encountered with the sputtering process:

(1) It was difficult to obtain a good platinum-boron
nitride bond. This was finally accomplished by post-
heating the samples to the melting point of platinum
(3223 0 F) following the sputtering operation.

(2) Only a low deposition rate was attainable through
sputtering, necessitating the deposition of additional
platinum through some other means.

Pt/BN/FS-85 test samples were prepared by hot press bonding 2 -mil-
thick coatings of platinum to the thin sputtered coatings (about
0.04 mils thick). The edges of several of these samples were
sealed by the usual hot press bonding technique.

It was found that only a few hours of heating in air would cause
failure (oxide blisters breaking through the coating) in these
samples. However, as failure occurred at the edges of the samples
where little or no boron nitride had been deposited, it was
thought that this type of sample would not provide a true test
of boron nitride as a diffusion barrier.

Metallographic examination of a sample tested in the manner

described above revealed diffusion layers not only at the edges
where coating failure occurred but across the entire coating-
base metal interface. No sign of the boron nitride layer was
observable. The failure appeared to be attributable to one of
two possible causes:

(1) Degradation of the boron nitride layer due to incom-
patibility with the platinum and/or FS-85.

(2) Loss of the layer through some process associated

with the deposition of the sputtered platinum coating.

In light of the results obtained with the samples described
above a different type of test sample was devised. A clearly
visible boron nitride coating was deposited on several pieces

of the refractory metal alloys for use in these new samples.
For these samples the pieces of boron nitrlde coated refractory
metal were vacuum hot press bonded into packages of the type
shLown in Fig. 89. This sample configuration provided an evtra
thickness of platinum at the edges of the boron nitride coated
refractory metal, thus avoiding the possibillty of any rapid

sample failure due to diffusion from unprotected edges. A
test sample of this type containing BN coated TZM was heated
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in flowing air at 2550°F and, as with the previous samples, failed
very rapidly with metallographic examination revealing the presence
of diffusion layers and absence of any boron nitride.

Although the test results presented above indicated little likeli-
hood of success with boron nitride barriers, test samples of BN
coated FS-85 and TZM were subjected to the "screening test" pre-
viously described. Metallographic examination of the tested
samples revealed only the usual coating-base metal diffusion layers.

5. Aluminum Oxide

Aluminum oxide has long been used as a refractory where contact
with hot or even molten metals is required and therefore would be
a likely candidate for preventing interdiffusion between the respec-
tive coating and substrate metals included in this investigation.
In support of this supposition is the work of Rhys (Ref. 16), who
showed an alumina layer between a platinum coating and molybdenum
substrate to substantially increase the protective life of the
coating.

In order to use alumina to help meet the coating requirements of
this program, two problems must be overcome:

(1) It must be bonded to both the coating and substrate
metals - a difficult ceramic-to-metal joining problem.

(2) It must be deposited as a very thin flexible film in
erder to overcome its brittleness.

In the course of the program three techniques of aluminum oxide
deposition were tried:

(1) Thermite-type reaction - aluminum foil was pressed
against the pre-oxidized surface ot a piece of refrac-
tory metal foi' and heated to a temperature sufficient
to activate the reaction forming alumina.

(2) 'sigh temperature air oxidation of roll bonded aluminum
cladding on pieces of refractory metal foil.

(3) Roll bonding alumina powder onto refractory metal sheet.

Neither of the first two techniques produced acceptable coatings -
coverage was nonuniform in both cases. The third technique gave
coatings of approximately 0.2 mils thickness that appeared to be
quite acceptable and the samples Produced were subjected to the
screening test for diffusion.

Metallographic examination of the samples tested evidenced only
the usual diffusion layers - no alumina was discernable at or near
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the coating-base metal interface in either the FS-85 or TZM
base composites. No explanati:• -an be offered for the dis-
appearance of the alumina layer.

6. Zirconium Oxide

Zirconium oxide, like alumina, is often used in crucibles for
melting metals. It is, in fact, considered better than alumina
for platinum-melting crucibles and on that basis was selected
for evaluation.

Samples of zirconia coated refractory metal were prepared, using
the roll bonding technique developed for alumina coatings and
these samples were subjected to the "screening test." The zir-
conia coatings were substantially thicker than the alumina
coatings. Actual coating thickness-s were 1.0 mils on the
FS-85 samples and 0.7 mils for the TZM.

Metallographfc examination of the FS-85 base sample showed that
the zirconia layer was ineffective as a barrier to diffusion and
that the bulk of the layer was "consumed" during the diffusion
test. However, the zirconia layer on the TZM base sample was
completely effective in preventing diffusion and it was clearly
visible in its "original" condition. The "consumption" of the
zirconia layer on the FS-85 sample cannot be explained.

C. Discussion of Results

Screening tests for diffusion at 2500°F for 16 hours showed that,
of the 12 combinations obtained from the b barrier materials and
2 base metals, only one effective diffusion barrier-base metal
combination was found - the Pt/ZrO2 /TZM combination.

The disappearance of the alumina barriers on FS-85 and TZM substrates
and of the zirconia on an FS-85 base sample in the course of testing
is difficult to explain since no reactions would be expected. These
tests should be repeated, preferably with thick barrier layers,
before these combinations are acknowledged to be unacceptable.
Also, the behavior of aluminum diffusion barriers should be evalu-
ated in air before the abandonment of-aluminide barriers, as internal
oxidation of the aluminum in the coating or at the coating-base metal
interfact may occur, forming an aluminum oxide barrier to diffusion.

The three remaining harrier materials - (1) BN, (2) rhenium, and
(3) gold - for reasons of incompatibility appear to be of no value
in rutarding coating-base metal interdiffusion at the 2500OF test
(tt'.perature.
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VI. CONCLUSIONS AND HYPOTHESES

A. Coating Materials Oxidation

I. In the absence of diffusion induced degradation, platinum and
platinum-10% rhodium alloy coatings 2 mile in thickness should
easily provide over 100 hours of oxidation protection at tempera-
tures up to 30000 F. (A conclusion.)

2. Platinum metal oxidation rates increase with air flow, but at a
diminishing rate. Data at 2550°F show that the loss rate has
essentially leveled off for flow rates above 960 ipm. (A conclusion.)

3. Water vapor has little or no effect on the rate of oxidation of
platinum or platinum-10% rhodium alloy. (A conclusion.)

B. The Mechanism of Coating Failure

1. Diffusion barriers will be required if rlatinum or platinum-10%
rhodium coatings are to meet the objectives of this program -
100 hours of oxidation protection on columbium and molybdenum
alloys at temperatures up to 30000 F. (A conclusiou.)

2. Failure of platinum and platinum-10% rhodium coatings on TZM in
the course of high temperature oxidation occurs by diffusion of
the molybdenum to the surface of the coating where it combines
with oxygen and is removed as a volatile species. This is, of
course, preceded by the formation of the several intermetallic
phases. Diffusion proceeds at very rapid rates, such that at 2550OF
voids form at the coating-substrate interface in several hours,
and grow rapidly with time. Rapid depletion of the molybdenum
then takes place with no significant alteration of the external
appearance of the sample (assuming it is hermetically enclosed by
the coating). Titanium and zirconium also diffuse to the surface
where they react to form oxides. That some oxygen diffuses through
the coating in the opposite direction is evident from the surface
appearance of the vol-dc as well as from the microprobe data.
Absence of any "blow-up" failure of these voids would suggest
that the rate of oxygen back diffusion is very small and that the
bulk of the molybdenum is oxidized at the surface of the coating.
It is believed further that, what little oxygen does diffuse, does
so only after the coating metal composition has been altered by
diffusion, although evidence of this is lacking. (A hypothesis.)
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3. Failure of the same coatings on FS-85 under similar conditions
occurs in an entirely different way than on TZM. As diffusion
of columbium (plus tantalum and tungsten) occurs, a number of
intermetallic phases form and grow. As diffusion proceeds,
one or more of these elements diffuses to the surface of the
coating, where it alters the composition of the coating and
allows oxygen to back diffuse toward the coating-substrate
interface. Once this path of back-diffusion is established,
it proceeds very rapidly in building up a localized area of
substrate metal oxide, which equally rapidly results in a
blister-like eruption and failure of the coating. Thus it
is seen that, unlike the TZM composites which oxidize essen-
tially at the surface of the coating, the FS-85 composites
oxidize near the coating-substrate interface. (A hypothesis.)

4. No binary composite of platinum or platinum-10O rhodium alloy
coatings with FS-85 or TZM substrates can be considered signif-
icantly superior to the others. Protective coating lives of
only 5 to 15 hours may be obtained with the combinations for
coating T-hicknesses in the range of 2.5 to 3.1 mils.
(A conclusion.)

5. None of the binary composites showed any tendency of accel-
erated oxidation failure as a result of thermal fatigue.
Samples tested cyclically performed essentially the same as
those tested statically, demonstrating the value of ductility
in protective coatings.

C. Diffusion Barriers

I. One-mil thick zirconium dioxide will stop platinum-TZM inter-
diffusion at 2500°F for a minimum of 16 hours. (A conclusion.)

2. Failure of alumina diffusion barriers (and their disappearance)
cannot be explained, although their structural integrity and
small thickness (0.2 mils) are probably responsible.

3. Gold, rhenium, aluminum, and boron nitride are not effective
barriers to platinum-TZM or platinum-FS-85 interdiffusion at
2500 0 F. (A conclusion.)
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V•7. RECoff,.Ar:O:,s FOR F I RE WORK

A. Further examination of the coating fail-re mechanism i- binary composites.

_. fevelopiment of a technique for deposition of a t.in flexible, well-bonded
zirco-'iu oxide layer between platinum coat!-.g and TZM base metal.

C. Conduct oxidation tests o- Pr/ZrO2/TZM composites.

Con-dct further st.;dies on other pocential diffusion barrier material-'.

E. Evaluate composites with the promisi,.g ditiusion barriers for mechanical
property requirements.

F. F. Girard, Project Engineer

Approvtdki Prga-aae

_,r. T. S. _rtsrkhAltvr
i r v -tor Ru.st-arth a- ',v, p•,

• aittrials ,% t,,trol~i % ilsio-i



ANNOTATED BIBLIOGRAPHY

1. Evaluation Procedures for Screening Coated Refractory Metal Sheet.
Report HAB-189-M, National Academy of Sciences, National Research
Council. A compilation of tests for use in evaluating the quality
of coatings for high temperature oxidation protection of refractory
metal alloys.

2. "Notes and Comments: Reasons for the platinum shortage," New
Scientist, Vol. 22, No. 391, pp. 401-402, Hay 14, 1964. A discus-
sion of the causes of the present shortages of platinum and
molybdenum.

3. E. Raub and W. Plate, "Uber das Verhalten der Edelmetalle und ihrer
Legierungen zu Sauerstoff bei hoher Temperatur in festen Zustand,"

Zeitschrift fur Metallkunde, Vol. 48, No. 10, pp. 529-539. A dis-
cussion of (1) the volatility of silver, gold, rhodium, platinum,
palladium and their alloys in oxygen; (2) the solubility of oxygen
in rhodium and palladium; and (3) thermal etching of the noble
metals and their alloys.

4. G. C. Fryburg and H. H. Murphy, "On the Use of Furnaces in the
Measurement of the Rate of Oxidation of Platinum and Other Metals
Forming Volatile Oxides," Trani. Met. Soc. AIDE, 212, No. 5, pp. 660-
661, 1958. A discussion of the platinum-oxygen equilibrium reaction,
which points out that "back reflection" of platinum oxide at pressures
above 250 microns may decrease the oxidation rate.

5. C. B. Alcock and G. W. Hooper, "Thermodynamics of the Gaseous Oxides
of the Platinum-Group Metals," Proc. Royal Soc., A., 254, pp. 551-
561, 1960. A study of the gaseous oxides of platinum in the temper-
ature range 1000 to 1600 0 C,giving the thermodynamics of their forma-
tion as calculated from their vapor pressures, as measured by means
of the "transportation" or carrier gas technique. Similar, tut in-
complete, studies on ruthenium, iridium and palladium are discussed.

6. W. Betteridge and D. W. Rhys, "The High-Temperature Oxidation of
the Platinum Metals and Their Alloys," First International Congress
on Metallic Corrosion 1961, pp. 186-192, L. Kenworth (ed.),
Butterworths, London, 1962. A discussion of the high temperature
oxidation of the platinum metals and their alloys. It is pointed
out that the volatilities of their oxides vary considerably and the
enhancement in weight loss as compared with similar heating in an
inert atmosphere is least with palladium and greatest with osmium;
platinum, rhodilm, iridium, arl ruthenium in increasing order of
magnitude fall between these extremes. Platinum forms a thin layer
of oxide at room temperature which prevents inward or outward dif-
fusion of oxygen at higher temperatures. Lower rates of oxidation
are obtained where platinum oxide concentration is greater in the
surrounding atmosphere. Alloys of platinum metals may oxidize
internally or externally depending upon the combinations and

31



concentrations of the respective metals. Oxygun is found to diffuse
readily through platinum after addition of only a few percent of
& alloy',,g eIeEt!u tb buch as tungsten and molybdeninn.

7. H. Schafer and T. Tebben, "Gleichgewichtsmessungen im System Platin-
Sauerstoff, Gasformiges Platindioxyd," Z. anorg. al1.. Chem., Vol. 304,
pp. 317-321, 1960. A thermodynamic investigation of the platinum-
oxygen reaction at temperatures between 1107 and 12080 C.

8. G. C. Fryburg and H. M. Petrus, "Kinetics of the Oxidation of Platinum,"
J. Electrochem. Soc., Vol. 108, No. 6, pp. 496-503, Jun:: 1961. A dis-
cussion of an investigation of the oxidation of platinum at temperatures
between 9000 C and 1500 0 C and at pressures between 15 microns and I atmos-
phere.

9. P. W. Douglass, C, A. "irier, aid R. I. Jaffee, High Temperature
Properties of the Refractory Platinum Group Metals, AD 265-624,
August 31, 1961. High temperature mechanical properties and alloying
behaviors of the platinum group metals was evaluated. Oxidation rates
were determfned for rhodium, platinum, iridium, ruthenium, and osmiutm
in flowing air at temperatures up to 14000 C.

10. C B. Alcock, "The Gaseous Oxides of the Platinuum Metals," Platinum
Metals Review, October 1961, pp. 134-139. This paper reviews the
experimenLai tthniques used in the elucidation of the thermodynamics
of the volatile oxides of the platinimn metals in the temperature range
1200 to 1800 0 C. It is shown how the molecular formula of the gases
were ohtained, and free energy equations of the two-term type are given
for Pt02, RhO 2 , IrO3, RuO3 , and OsO3. At other temperatures oxidps of
dif --nt compositions may predominate, and approximate methods for
cai _.ating the thermodynamics -f these from the present data are given.

11. General ElectriL High Temperziture Materials Prp&, GEIP 15A, pp. 13-

18, Sept. 1962, and G•P 17A; pp. 12-16, Nov. 1962. The oxidation
rates were determined for platinum up to 16000 C, rhodium to 1800 0 C and
iridimn to 200C°C in air flows of 24 and 231 ipm, Also, some oxidation
data was obtained for palladium and platinumn allcys at 1200 to 1400°C.

12. J. S. Hill and J. j. Albei7t, "Loss of Weight of Platinumn, Rhodit-n and
Palladium at High Temperatures," Engelhard -echnical Bulletin, Vol. IV,
No. 2, pp. 59-63, Sept. 19b3. Weight losses were determined for plati-
"urn at 1400 to 17000 C, for rhodium at 1400 to 1800 0 C, and for palladium
at 1400 to 1500 0 C. For platinum and rhodium the tests were conducted
in flowing air, nitrogen, argon, hydrogen, and1 oxygen; and for palladium
they were conducted in flowing air, r'itrogetn, and hydrogen.

13. W. L. Phillips, "Oxidation of the Platinum Metals in Air, ASM Trans-
act~ons Quarterl yVol. 57 p. 33-37 March 1964. The oxidation rates

were determined for ruthenium, rhodiui', palladium, osmium, iridium,
and platinum in air in the temperature range of 800 to 1400°C.
Activation energies were determined.

32



14. J. C. Chaston, "Reaction of Oxygen with the Platinum Metals, I-The
Oxidation of Platinum," Platinum Metals Review, pp. 50-54, April
1964. The mechanism of platinum oxidation is discussed for tempera-
tures ranging from room temperature to 1737°C. Pt02 is said to first
form at about 280'C as a stable layer on pure platinum and decompose
to platinum and oxygen above 450 0 C where its decomposition pressure
is I atmosphere. At higher temperatures the oxide takes the form of
a gas.

15. R. Z. Vines, The Platinum Metals and Their Alloys, The International
Nickel Company, inc., New York, 1951. A presentation of the chemical
and physical properties of the platinum metals and many of their
alloys. A number of phase diagrams are included.

16. D. W. Rhys, "Laboratory Studies on Processes Using Platinum for the
Protection of Molybdenum Against Oxidation at High Temperatures,"
Compte rendm du Symposium sur la Fusion du Verre, Brussels, 1958.
Platinum, 0.25 to 0.6 mm thick was found to protect molybdenum rod
from oxidation for up to 600 hours at 12000 C. The addition of a
0.025 mm gold layer or a 0.1 mm thick alumina layer between the
platinum and molybdenum extended the maximum protective lifetime of
the platinum to 2010 and 5050 hours, respectively.

17. J. C. Withers, Electroplated Cermet Coatings for Oxidation Protection
of Substrates in Excess of 20000 F, WADD Technical Report 60-718,
Jan. 1961. A study was conducted to determine means for electro-
lytically depositing a variety of cermets on refractory metals for
protection from high temperature oxidation. Included were combina-
tions of platinum, rhodium, nickel, chromium and cobalt-tungsten
with A12 0 3 , SiO2 , ZrO2, and MoSi 2 . Attempts to prepare platinum,
rhodium, and platinum-20% rhodium cermets were not successful.
Also, attempts to deposit pure rhodium and pure platinum coatings
on molybdenum produced only porous coatings, unacceptable for
oxidation protection.

18. F. .. Norton, "Nondiffusibility of Oxygen Through Platinum," Jouraal
of Applied Physics, Vol. 29, No. 7, p. 1122, July 1958. A mass
spectrometer was used to measure the permeation of oxygen through
platinum at 1425 0C. It was determined that at this temperature the
permeation rate would be extremely low - under 2 x 10lI1 cm3 gas
per sec per cm2 area per mm thickness pe- 1-atmosphere pressure
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ani physical properties of the columbium alloy designated FS-85.

26. Developmental Data, Climelt TZM, Climax Molybdenum Company of Michigan,
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ASD-TDR-62-7, Part II, pp. 19-28, May 1963. Piatinum-tantaltu dif-
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Phases in the System Platinum-Molybdenum," J. Less - Common Metals,
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TABLE I

ANALYSES OF THE SUBSTRATE ALLOYS

Composition of FS-85 Alloy

Composition Specification Certified Chemical Analysis
Element in Weight % (Ref. 25) in Weight %*

Iron 0.01 Max
Silicon 0.0] "

Oxygen 0.03 " 0.005
Nitrogen 0.015 " 0.0042
Hydrogen 0.001
Carbon 0.01 " 0.001
Zirconium 0.6-1.1 0.95
Tungsten 10-12 9.8
Tantalum 26-29 27.4
Columbium Balance Balance

Composition of TZM Alloy

Composition Specification Certified Chemical Analysis
Element in Weight % (Ref. 26) in Weight %*

Iron 0.010 Max 0.001
Silicon 0.008 " 0.003
Nickel 0.002 " 0.001
Oxygen 0.0025 " 0.003
Nitrogen 0.002 " 0.001
Hydrogen 0.0005 " 0.0001
Carbon 0.01-0.04 0.02
Zirconium 0.06-0.12 0.10
Titanium 0.40-0.55 0.55
Molybdenum Balance Balance

* Certified chemical analyses for the alloys were obtained from the
supplier, Fansteel Metallurgical Corporation.
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TABLE II

ANALYSES OF PLATINUM AND PLATINUM-10% RHODIUM ALLOY
USED IN COATING METAL OXIDATION STUDIES AND IN EARLY TESTS

ON COATING-BASE METAL COMPOSITES

Platinum Platinum-l0% Rhodium Alloy
Composition in Composition in

Element Weight % Weight %

Si < 0.001 0.001

Fe < 0.0005 0.005

Cu < 0.0005 0.001

Ni < 0,0005 0.001

Ag < 0.001 < 0.001

Au < 0.001 < 0.001

Pd < 0.0005 0.10

Ir < 0.001 0.05

Rh 0.47 10.15

Pt 09.53 89.74
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TABLE III

ANALYSIS OF PLATINUM OBTAINED FOR COATING-BASE METAL
COMPOSITE STUDIES AND FOUND TO CONTAIN PALIADIUM

AS AN IMPURITY

Flement Composition in Weight %

Fe 0.02

Cu 0.01

Ni 0.04

Ag 0.36

Au 0.01

Pd 2.41

It 0.10

Rh 0.20

Pt Balance
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TABLE IV

ANALYSES OF PLATINUM AND PLATINUM-I07o RHODIUM ALLOY
USED IN LATER COATING-BASE METAL COMPOSITE STUDIES

AND IN DIFFUSION BARRIER STUDIES

Platinum Platinum-10% Rhodium Alloy
Composition in Composition in

Element Weight % Weight %

Fe 0.03

Cu 0.01

Ni - 0.03

Ag 0.005 0.01

Au < 0.01 0.01

Pd <0.01 0.10

Ir 0.02 0.02

Rh < 0.01 9.38

Pt 99.97 90.74
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TABLE VI

ACTIVATION ENERGY FOR THE OXIDATION OF PLATINUM

Temperature Range: 2200-2910 0 F
Reaction: Pt (solid) + 02 (gas) Pt02 (gas)

Activatiun Energy

Reference (Kcal/Mole) Air Flow Rate

This Program 38.6 240

This Program 38.0 24

Fryburg and Petrus 42.5 Not 'iven
(Ref. 8)

Battelle (Ref. 9) 42.4 24

General Electric 45.7 231
(Ref. 11)

Hill and Albert 43.9 0.2 cu ft/tor
(Ref. 12)

Phillips (Ref. 13) 25.4 Not Given

TABLE VII

OXIDATION RATE FOR PLATINUM IN DRY AND WET AIR
FLOWING AT A RATE OF 24 IPM

Temperature Dtw Point Test Rate of Weight Loss
OF OF Duration maj i 2 /hr

2200 -40 1b hr 0.014

2550 -50 t8 " 0.445

2200 -120 64 0.009

2550 +120 65 " 0.044



TABLE VIII

COMPOUNDS EXPECTED FROM THE INTERACTION OF PLATINUM
WITH FS-85 AND TZM ALLOYS AT 2550°o

FS-85
Compounds

Nb-Pt (Ref. 27) Ta-Pt (Ref. 28)

Nb 3 Pt

NbPt Ta 2 Pt*

NbPt 2  TaPt 2

NbPt 3  TaPt 3

* Perhaps a mixture of Ta 3Pt and TaPt

TZM

Compounds

Mo-Pt (Ref. 29)

Mo3 Pt

Mo2Pt3

MoPt2

MoPt3
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231 ipm Air Flow
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TIME AT TEMPERATURE, HOURS
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0

I-

O3 Platinum -2.5% palladium;U 8
X clad FS-85
W 3.1 oil cooing

> Pure platinum
l--
.j

10 Sample size - 1" x 3/4" x.02"

Air flow
12

14 T / / I

Pt-2.S Pd clad N'-2.S Pd clad
FS-85 TZM

Pt Platinum - 2.5 % palladium
16

clod TZM

3.1 mil co~ting

FIGURE 8 Weight Losses for Platinum-2.5% Palladium Clod FS-S and
TZIA and for Pere Platinum In a 240 ipm Air Flew at 255O°F.
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TIME AT I1kMPERATURE, H4O$JRS
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FIGURE 10 Weight Loases for Platinvm.2.5% Pal lodl urnCiad FS-85 and
TZM and for Pure Platinum in a 24.0 up. Nitrogien Flow
at 2550 oF.

54



C4
Nc

E

0

E
M

00

4C

00,

0

IIn

'DW SSOIiNO1A Ulvin0

55m



• - ,, ?• :..4 ,
'94

1 jm

60X 60X

VA

400X 400X

10001X 1000X

FIGURE 12 FIGURE 13

Surface Condition of o Platinum-2.5% Palladium Swrfoce Condition of a Platinum-2.5% Palladiu-,
Clad FS-85 Sample After One Hour of Testing at Clad TZM Sample After One Hour of Testing at
2550 F in a 240 ipm Air Flow 2550OF in a 240 ipm Air Flow
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Surface Condition of the Platinum.) V50 Palladium Surface Condition of th&Plot,num.2.5%- Palladium

Clad FS-85 Sample After Testing to Coating Failure Samplet After Testing Seven Hours at 2550 F in a

(Seven Hours) at 2550 F in a 240 ipm Air Flow 240 ipn, Air Flow

58



60 X 60 x

. )

400 4 0

IOOOX 100

FIGURE 17 FIGURE IS

Surface Condition of tke Platinum-2.5%e Palladium Surface Conditionof the Platinum-? 5'C Pollad-u.m

Clad TZM Samplet After Testing to Coating Failure Sample After Testing Thirteen Hours at 2550 F mn

(Thirteen Hours) of 2550 F -.n a 240 *pm Air Flow a 240 ip-n Air Flow
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FIGURE 28 FIGURE 29

Surface Condition of a Platinum Clad FS.85 Sample Surface Condition of a Platinum Clod TZM Sample

at the Initiation of Testing at 2550 F in c 240 spin at the Initiation of Testing at 2550 F .n a 240 ipm

Air Flow Air Flow
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FIGURE 31 FICURE 32

Sulac.* Condition of the Platinum-clod FS-85 Semple Surface Condit-,n of ti. Platinum Sample After
After Testing to Coating Failure Soven Hours) at Testing Sevvn Hours at 25S0 F in a 240 ipm
2550 F in a 240 ipm Air Flow Air Flow
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FIGURE 33 FIGUR E "4

Surface Cond,ton of the Ptat,num Clod TZM Sample Surfoce Confidlito of the Plat,.uwni Sempil After
After Testnq to Coating Failure (16 Hours) at 2S50 F Testitg 16 Heu- at 2550 F !n a 240 tom A;,
in o 240 pmw, A, Fio- Flow
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FIGURE 35 FIGURE 36

"Swfoco Condition of o Platinum Clod FS-.I Semple Surfce Conditioe of a Plotanum Clod TZM Semllo
at Ah Initiation of Testing at 2550 F in a 240 ipm et the Initiation of Testing t 2550 F in o 240 ipm

Nitrogen Flow NHitegn Flow
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FIGURE 42 Woig Losses 6w Platmum-.10 RKhedev Clod FS-IS end TZ.U end fo,
Pure Plattvw op a 240 opa Air Flow at 2550 F
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Nitrogen flow
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FIGURE 44 Weight Lowses for Platinum.-0% Rhodium Clad FS-85 and TZM and for

Pure Platinum in a 240 ipm N,'trogen Flow ot 2550 F.
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FIGURE 46 FIGURE 47
Surface Condition of a Platinum- 10% Rhodwiuh Surface Cond~tioei of a Platimurm-]VOý Rhodiuwi

Clad FS.85 Sample at the Initiation of TestAg Clad TZN Sarmpl* at the initiation of Testing
it 2550 F in a 240 opm Air Flow at 2550 F in a 240 ipm Air Flow
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FIGURE 49 FIGURE 50

Surface Condition oi the Plet'num.10"r Rhodiwim Surface Conditionof the platinum.-Ire Rhodtmin"

Clod FS.85S emple After Testeing to Coating Sepl Aff~,Testn r.. i,$ Hours at 25S0 F 'vn
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Air Flow
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FIGURE 53 FIGURE 54

Soqjfao( Condit,"f at a Plafinum- I0% Rhiii~um Surfa.ce Cond~t-os" of a Plot1 w".0' Rh~;uwi

Clod P5-85 Sample at the initiationt of Testinti Clad TZM Sempleofg the Initiation o# TeSting at

st 2'(S0 F ir. a 240 iprn MNtrogn Flow 2550 F in a 240 ;pm, Nitrogen Flow
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A, INITIAL
COATING THICKNESS

600 X

~' Pt, 2.3 -..ils

N~- NbP t-...p 0.3 ,dIs

-- a- NbPt;,ToPt 2, 0.4 mali

-m- NbPt 10 2 Pt(7), 0.4 mils
Nb2 F'I?),TQ2Pt, 0 1 mIs
Nb3 Pt,Ta3Pt()h 0.1 mils

1000X

FIGURE 6?

Polished and Etched Cross Section of a Platinum Clad F 5-85
Sample After Hect~n.j 7 Hours at 2550 F in a 240 opm Air Flow



INITIAL C'ýATING THICKNESS
2.5 miiis

4 ~-Pt, 2,31 mots

SNbPt 3,TaPt 3, 0 3 miI

-- NbPt, TaPt2 0.4 mots

4dD2 Nb-Pt1 !Ta2Pt,' 04 1 ~l

WOO 
Nb PtTaP10' 0 1 mils

-~--FS-ES Alloy

FIGURE 63

Polished am thdCosSc,: fo Plotinvum Clod FS-85

Sample Atter Horotinq 7 Hour,ý ot 2550 F tn 0 240 Prm Nftroqrn

Flo-



600 X

1600 X

FIGURE 64

Pli.,Id aud Etchod Cross Section of a Platinum. i04 fhodiwm

Clad FS-85 Sarnpit Aftgr Peating 6 "ours at 2550 F in a 240
ip-m Ait Flow
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600 X

1600X

FIGURE 65

Polishd and Etched Cross Section of a Platinum iWO Rhodium

Clad FS-85 Sample After Heating 6 Hours at 2550 F in a 240

ipm Nitrogen Flow
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nmlop

600X

/

1000 X

FIGURE 66

Polished and Etched Cross Section of a Platinum.2.5% Palladium

Clad TZM Sample After Heating 14 Hours at 2550 F in a 240 ipm
Air Flow
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600 X

1000X

FIGURE 67

Polished and Etched Cross Section -1 a Platinum 2 5V Palladium

Clod TZM Sample After Heating 13 Hours at 2550 F in a 240 !pm

Nitrogen Flow
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"k INITIAL COATING THICKNESS

31 mill

600 X

-- * Pt

SMoPt3, 0.8 mill

.--•---- TZM ALLOY

1600 X

F IGUR E 68

Polished and Etched Cross Section of a Platinum Clad TZM

Sample After Heating 16 Hours at 2550 F in a 240 ipm Air Flow
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- INITIAL COATING THICKNESS

3.1 miis

• dl

-ma-MoPt3, 0 7 mils

Mo2 Pt 3  0.1 1 t
••.. "%.•I•""t ""•. .• I • •I--TZM ALLOY" '_ . . MP '.i

1000 X

FIGURE 69

Poltshed oad Etched C,ois Sect,on of a Plotinum Clod TZA
Sample After Heating 16 Hous of 2550 F -m a 24C ipm

Nitrogen F!ow
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1000 X

1600 x

FIGURE 71

Clod TZW' So-pie. A4*- Mr- ýq 5Ž ?Lý, F a. 2jnC!



Oc7

2L - --ud- 4000

200-,20 - 3600

-~J200 /

Pt ( 2\-2800

4O0 - P "IC 3  PfCb 3 2400

rl + FfCb __ PIC 2 Pl t2 0

80 ~ -600

600 ii IIC

4001-- I t tC 800

iii II!,o

20o I I I LI - 4 o
b 2) 30 40 50 60 ,0 80 90 Pt

We~gri Per Cent Plotnum

FIGU'RE 72 Platinum - ClIurnbum Phase Diagram (Pef. 30).
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L 6. To Pt2
1800 -- -- I7 - A

L + ToR1 32800

.6-TIO I ýAL° 28
" 1400 •- -- 36000 •.

•5OO -- T ÷ 0- 40

To •2

,200 - 1 1 • L_ LD+ _ ,

rO .- 1... . .
T + (r To Pt TOpt2 rO4 / 1Pt,

1200- Or 2IQ~ 3  / 2200

100 J TO It 2 ~~ 3 0

I I 11800

900 1 ft600
0eight Per Cent Platinum

FIGURE 73 Platinum - Tantalum Phase Diagram (Ref. 31),
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2800- 4800

2600

2400 Liquid - 4400

2200 - 4000M + + L 2100

2000 190 + 3600

QT a
:800 3200

0 PI+ 0

4E0 +' E
E 2800

1J400 MO + fp

-2400

1200

10002000

I000-

800

600 
1200

Mo 10 20 30 40 50 60 70 80 90 pt

Weight Per Cent Platinum

FIGURE 74 Platinum - Molybdenum Phait Diagram (Re.f 32).
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100 X

FIGURE 75

Polished and Etched Cicss Section of a Platinum Clad FS-85
Sample Showing an Oxide "Blister" Formed after 7 Hours of
Heating at 2550OF in a 240 ipm Air Flow
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;40O

400 X

FIGURE 76

Poihdand Etched Cross Section of a Platinum-W10%
Rhodium Clad TZM Samplev Showing "Void" Areas in
Early (Top) and Late (Bottomn) Ssoges of Formation After
Heating 5 Hours at 2550 F in a 240 lami Alt FIlnw

10?



.. .H igh T itanium
a-- Content Surface

Layer, 0.2 mils

SPlatinum. 1O%Rhodium
Coating

1600X

FIGURE 77
Polished and Etched Cross Section of a Platinum-.0%
Rhodium Clad TZM Sample with Focus on the Surface
Loyer after Heating 5 Hours at 2550oF in a 240 ipm
Air Flow
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2.00II Coating Layers Substrate

2.50 i , , i ,

000 1.00 2.00 3.00 4.00 5.00
DISTANCE BELOW SAMPLE SURFACE, MILS

FIGURE 78 Microhardness Values Across the Cross Section of a Platinum Clad FS-85
Sample Tested 7 Hours at 2550-F In a 240 ipm Air Flow
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S1.50

2.00 Coating Layers Substrate

2.50 I
0.00 1.00 2.00 3.00 4.00 5.00

DISTANCE B11 OW SAMPLE SURFACE, MILS

FIGURE 79 Microhardness Values Across the Cross Section of a Platinum Clod FS-85
Sample Tested 7 Hour, at 255( F in a 240 ipm Nitrogen Flow
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FIGURE 8K Microhardness Values Across the Cross Section of a Platinum Clod TZM
C-mple Tested 16 Hours at 2550 F in a 240 ipm Ai, Flow
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FIGURE 81 Microhardness Values Across the Cross Secton of a Plotinum Clad TZM
Sample Tested 16 Hours at 2550 F in a 240 iam Nitrogen Flow
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FIGURE 83 Mircohardness Values Across the Cross Section of a Plaeirum-10%
Rhodium Clad FS-85 Sample Tested 6 Hours at 255001 in a 240 ipm
Nitrogen Flow
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FIGURE 84 Microhardness Values Across the Cross Section of a Platinum.10%
Rhodium Clad TZM Sample Tested 7 Hours at 255(F in a 240 ipm
Air Flow
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FIGURE 85 Microhardness Values Across the Cross Sectionof a Platinum-10%
Rhodium Clad TZM Sample Tested 7 Hours at 2550'F in a 240 ipm
Nitrogen Flow
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Upper coating,

platinum

Diffuson barrier

coating

~ Refractory base metal

platinum

FIGURE 86 Diffusion Barrier Test Sample
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Gipienuts

outer graphite

)so etalinner 
graphite

~se etalplate

Sample

Outer grapl"
plate

Graphite bolts

FIGURE 87 Grophito, Clomp efe Testing9 Dif~wsien Senuiors
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sox

FIGURE 88 Cross Section of a Hot Roll Bonded Composite Consisting of a

Platinum-10w% Rhodium Coating, a Rhenium Intermediete Layer
(Broken Up), and an FS-85 Substrate



Upper outer framet, platinum",
12 xIt P2  x 012"

with a 5 a" 5 8 " hole

Upper cover plate, platinum,
1Y"x IV'z' x .003"

Sampie, BN Coated refoactory
metal alloy.

1" x 11" x .015"

-Picture frame for sample, platinum,
1W' x UV' x .015"
with a 11" x 1" hole

Lower cover plate, platinum~.

-Lower outer from#, platinum,
1!~', x x .012''
with a 5 1"' N 5 8"' hoi*

Upper outer from*

Upper cover plate

Picture from* !-, Sample

Lower cover platei

Lower cuter fht...

Sample

FIGURE 8

Special picture flam, setup for testing
Boreni Nitride Cooted refrectory metal alleys.
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